State-of-the-art protective coatings often suffer from brittleness. Therefore, the coatings are intensively sought which would simultaneously exhibit high hardness and stiffness with moderate ductility and fracture resistance. In this paper, we report on the nanostructure designing of coatings containing metal, boron, and carbon enabling the simultaneous presence of stiff boridic and carbidic bonds together with weaker metallic bonds to provide coatings with these desirable properties. Three designs are presented with different relative amounts of nanocrystalline and amorphous phases, ranging from near-amorphous to prevalently crystalline microstructure. All presented coatings exhibit an unusual combination of high fracture resistance and high hardness that cannot be achieved with state-of-the-art protective coatings. Indentation tests at high loads revealed that no cracks are present at the surface of the investigated coatings while state-of-the-art ceramic protective coatings already exhibit significant cracking. Cracks in the bulk of the presented coating are detected only when the deformation is so severe that the substrate itself fails.
Introduction
Cutting edge commercially available hard protective coatings generally exhibit high hardness and stiffness which is usually accompanied by brittle deformation behavior. Therefore, a crack is formed easily and its subsequent rapid propagation can lead to premature failure of the coating and, consequently, of the workpiece itself. Nowadays, it is of high interest to design next-generation protective coatings with an unusual combination of physical properties: high hardness and stiffness together with sufficient fracture resistance. Coatings with such unique features should be able to withstand applications under severe conditions where the nowadays used state-of-the-art protective coatings fail rapidly.
Recently, a group of unusually stiff and fracture resistant hard coatings was proposed based on theoretical calculations [1, 2] . Different combinations of metal-, boron-, and carbon-based materials were studied by ab initio calculations. The most promising candidates according to the calculations were Mo 2 BC, W 2 BC, and Ta 2 BC, each with predicted Young's modulus higher than 420 GPa. These materials owe their unique combination of mechanical properties to their inherently nanolaminated microstructure. They exhibit high aspect ratio unit cell that is similar to MAX phases with alternating planes containing stiff carbidic and boridic bonds with a high degree of ionicity providing the high stiffness and hardness, while metallic bonds offer moderate ductility.
Mechanical properties of coatings can also be enhanced by preparing them in a nanocomposite form. Nanocomposites can exhibit enhanced hardness and toughness [3] due to their microstructure and the physical effect of nanocomposite hardening [4] or an effect similar to the Hall-Petch effect [5, 6] . Additionally, grain sliding, which is a form of plastic deformation, occurs in nanocomposites. It can suppress the crack formation, thereby leading to an enhancement of the fracture resistance [7, 8] .
In this paper, a strategy of varying the microstructure and the composition of Mo-B-C coatings is utilised for the synthesis of coatings with high hardness and fracture resistance. Three coatings with a distinctly different chemical 2 Journal of Nanomaterials and phase compositions are shown. Particular focus is given to the study of their microstructure and the evaluation of their mechanical properties. The fracture resistance of the deposited coatings is qualitatively evaluated and compared to the state-of-the-art protective coatings. It is concluded that the fracture resistance was significantly improved, while preserving the hardness.
Experimental Details
All depositions were carried out using Vinci Technologies PVD 50S sputtering device with a cylindrical chamber 0.5 m in diameter and 0.5 m in height with an attached loadlock system for sample transfer. The chamber and the loadlock were evacuated by separate turbomolecular pumps backed by scroll pumps to a base pressure in the order of 10 −5 Pa. The chamber was equipped with four planar circular magnetron heads with a well-balanced magnetic field. Threeinch molybdenum (purity 99.95%, Kurt J. Lesker), carbon (graphite, purity 99.999%, Kurt J. Lesker), and B 4 C (purity 99.5%, Kurt J. Lesker) targets were used for all experiments. Molybdenum and B 4 C targets were driven by Maxim 1000 DC generators from Power Mag Technologies; carbon target was driven by Pinnacle plus bipolar pulsed-DC generator from Advanced Energy. All magnetron heads were focused on a single substrate holder in a sputter-down configuration. The target to substrate distance was 18 cm. Such a high target to substrate distance was chosen in order to achieve good homogeneity of the deposited coatings. The sample holder could be simultaneously rotated, biased, and heated up to 750 ∘ C. Argon (purity 99.999%, Messer) was used as a working gas and was dosed via a mass flow controller. The pressure could be set independently on the gas flow by a butterfly valve in front of the turbomolecular pump.
Cemented tungsten carbide and glassy carbon substrates were first ultrasonicated in acetone and isopropyl alcohol baths. Then they were loaded into the chamber and placed onto the substrate holder via a load-lock without breaking the vacuum in the deposition chamber. When heating was used for type B and C coatings, the heating was turned on and set to 500 ∘ C, and the substrates were heated up for 120 min to stabilize the temperature. Afterwards, the argon flow of 6 sccm was introduced, and the pressure of 0.3 Pa was set. Radiofrequency (13.56 MHz) discharge at the voltage of −200 V (∼110 W) was ignited for 20 minutes to ion-clean the substrates. After this time, the shutter over the substrates was closed, and powers delivered to the sputtered cathodes were ramped to the desired values-110 W for molybdenum, 128 W for B 4 C, and 250 W for C target for type A and B coatings deposited without self-bias. Type C coating was prepared with −200 V RF bias and 91 W delivered to the Mo target, 128 W to the B 4 C target, and 178 W to the C target. The pulsing frequency of 350 kHz at 65% duty cycle was used in all depositions to maximise the ion current onto the substrate [9] [10] [11] . The deposition pressure was set to 0.1 Pa and after the discharge voltage was stabilized the substrate rotation was turned on and set to the rate of 5 rpm. Then the shutter over the substrates was opened, and the deposition itself took place for 480 min. After this time, the shutter was closed, and the target powers were gradually ramped down. If heating was used, the temperature was slowly decreasing for several hours. The deposition conditions, the thicknesses, and the chemical composition of the deposited coatings are summarised in Table 1 .
Grazing angle of incidence X-ray diffraction (GIXRD) measurements measured by Rigaku Smartlab diffractometer with copper K-alpha radiation ( = 1.54056Å) at the angle of incidence of 0.5 ∘ were used to evaluate the crystallinity of the coatings. Grazing angle of incidence configuration was used to eliminate peaks from the cemented tungsten carbide substrate. Rutherford backscattering spectroscopy (RBS) was used for the quantification of the chemical composition. The RBS was measured by proton projectiles with energies of 1740 and 2700 keV impinging vertically on the samples, and backscattered protons were analysed at the scattering angle of 170
∘ . The energy is characteristic for the mass of the struck atoms and is also diminished by energy loses by passing of the protons into and out of the layer material [12] . The microstructure of the coatings was studied using Tescan LYRA 3XMU FEG/SEM × FIB scanning electron microscope (SEM), Philips CM12 STEM transmission electron microscope (TEM), and JEOL JEM 2100F high-resolution TEM. Thin lamellar cross sections for TEM observations were prepared using a focused ion beam (FIB) in the SEM from two locations in each sample: an undisturbed layer and a central region of residual indentation imprint which was made using Fischerscope H100 instrumented indentation tester equipped with Berkovich tip (tip radius ∼200 nm). The applied load in the case of the Mo-B-C coating and the hard industrially available state-of-the-art protective coatings was always 1 N, and the load increase was controlled according to function L = Ct 2 , where is the load, t is the time, and C = 2.5 mNs −2 . The hardness and the effective elastic modulus of the coatings were characterised by nanoindentation experiments using Hysitron dual head TI950 Triboindenter equipped with a diamond Berkovich tip (tip radius < 50 nm). The mounted nanoscale measuring head with the resolution of 1 nN and load noise floor lower than 30 nN allows for measuring in the load range from 50 N to 11 mN. The quasistatic indentation test with 20 partially unloading segments enabled a reliable Journal of Nanomaterials evaluation of the hardness and elastic modulus from a region of indentation depths (∼80 nm) without the influence of the substrate or surface effects to be performed. The values of the hardness and the elastic modulus were calculated according to the standard procedure proposed by Oliver and Pharr [13] .
To ensure proper contact with the surface a small preload of 2 N was used in case of all tests. The indenter tip calibration was carried out for low loads (indentation depths < 100 nm). The load of 5 mN was used for the calculation of the ratio of the elastic work to the total indentation work as this corresponded to indentation depths, where the effect of the substrate was again minimal.
Results and Discussion
Residual imprints after indentation with 1 N load on commercially produced state-of-the-art protective coatings are shown in Figures 1(a The cracking was even more severe in the case of the TiB 2 (1.2 m thick, dense columnar structure, P6/mmm cell with lattice parameters of 3.009Å, 3.009Å, and 4.276Å, grain size of ∼33 nm, and effective elastic modulus of 430 GPa) with the hardness of 30 GPa shown in Figure 1(c) . On the other hand, fracture resistant coatings such as copper are easy to prepare ( Figure 1(d) ; the applied load was lowered to obtain similar indentation depth as in Figures 1(a)-1(c) ), but such ductile materials are generally soft-3 GPa in the presented case-and offer limited wear protection. A new type of materials aptly combining properties of hard and stiff ceramics with ductile and tough metals is highly demanded. Three Mo-B-C coatings with markedly different microstructures were tailored in the presented study. Type A coating was composed of ∼52 at.% Mo, ∼24 at.% B, and ∼24 at.% C and, therefore, had the composition corresponding to the Mo 2 BC stoichiometry.
The XRD diffraction pattern of the type A coating is plotted in Figure 2 Dark field transmission electron microscope (TEM) micrograph presented in Figure 3 revealed only short-range ordering in the coating, which was confirmed by SAED. The coating exhibited the hardness and the reduced elastic modulus of 20.5 ± 0.3 GPa and 350 ± 5 GPa, respectively. A residual indent of the type A coating after indentation with 1 N load is shown in Figure 4 . The coating was tested with the same load as the industrially prepared simple monoblock coatings shown in Figure 1 . Lower hardness of the type A coating compared to the industrially prepared coatings with the same thickness of 1.2 m led to a higher indentation depth and therefore to harsher testing conditions. The type A coating exhibited no visible cracks around or inside the area of the residual indentation imprint. This implied excellent fracture resistance, significantly enhanced compared to the TiN, AlTiN, or TiB 2 coatings whose residual indents after indentation with the same load and exhibiting pronounced cracking are shown in Figures 1(a)-1(c) .
Type B coating was composed of ∼52 at.% Mo, ∼24 at.% B, and ∼24 at.% C and thus had the same chemical composition as the type A coating. The X-ray diffractogram of the type 5 m Figure 4 : A residual indent of type A coating with similar thickness, tested with the same indentation load as the commercial coatings shown in Figures 1(a)-1(c) . B coating exhibited three distinct peaks-the most intense primary peak centred at 41.4 ∘ and two low-intensity peaks at 63.1 ∘ and 73.7 ∘ (see red curve in Figure 2 ). The asymmetrical main peak can be deconvoluted into two partially overlapping peaks. The base broad peak was similar to the one observed in the type A coating and was centred at 39.7
∘ exhibiting the FWHM of 10 ∘ . This peak implied the presence of a similar, nearly amorphous, phase as in the type A coating. Moreover, an additional peak centred at 41.4
∘ with the FWHM of 3.5 ∘ emerged and was sharper and more intense compared to type A coating, indicating the presence of another phase with a higher degree of crystallinity. The position of the sharp peak was close to the reference value for (111) and (080) Mo 2 BC diffractions. A bright field TEM image with the corresponding SAED pattern is presented in Figure 5 . The coating exhibited a fine columnar microstructure throughout the whole thickness. The SAED pattern was composed of several diffuse rings with a strong texture. These were indexed as corresponding to Mo 2 BC phase according to a simulation of the diffraction ring positions based on ICSD card number 613644. The individual crystallite size was estimated from the sharp peak of the XRD to be ∼4 nm using the Scherrer equation [18] . Comparing the calculated size and the Mo 2 BC unit cell with the longest side of ∼1.8 nm [1] yielded that the grain was composed of only a few unit cells. This explained the lack of presence of other distinctive high-intensity Mo 2 BC Journal of Nanomaterials diffraction peaks in the measured diffractograms due to an insufficient continuous periodic structure in each grain. In conclusion, although type A and type B coatings had the same composition, type A coating exhibited just a near-amorphous microstructure, while type B coating was partially crystalline with a possible presence of crystalline Mo 2 BC phase. Presence of the crystalline Mo 2 BC phase should be advantageous for achieving high hardness as well as fracture resistance of the coating. This is because crystalline Mo 2 BC was shown to exhibit the hardness of ∼29 GPa [1] . The type B coating exhibited the hardness and the effective elastic modulus of 26.5 ± 0.5 GPa and 420 ± 7 GPa, respectively. The surface of the 1 N residual indent showed no cracking, similarly to the type A coating. The TEM micrograph of a lamella cut from the area of the residual indentation imprint of the coating prepared on the high-speed steel substrate is presented in Figure 6 . The high-speed steel substrate sheared in several places under the severe stresses induced by the indentation tests as indicated by the white arrows. The adhesion of the coating to the substrate proved to be higher than its internal cohesion and cracks originated from the coating/substrate interface, specifically from the places of the substrate failure. However, the cracks stopped propagating in the volume of the coating and did not reach its surface. This strongly implies excellent fracture resistance of type B coating.
Type C coating consisted of ∼65 at.% Mo, ∼23 at.% B, and ∼12 at.% C and thus contained an excess of molybdenum with respect to the previous coatings and to the stoichiometric composition for the Mo 2 BC phase.
The X-ray diffraction pattern of the type C coating is plotted in blue in Figure 2 . The broad background peak centred at 39.5
∘ exhibited substantial similarity to the type A coating, implying the presence of a near-amorphous structure containing Mo, B, and C. Additionally, a sharp peak centred at 40.7
∘ was detected. The presence of this peak together with a small peak around 59.3
∘ indicated the presence of a crystalline Mo phase. The TEM micrograph of a lamella prepared from the type C coating, which is plotted in Figure 7 , revealed predominantly crystalline microstructure with grains exhibiting coarsening with increasing thickness of the coating. The SAED pattern presented in the inset of Therefore, based on the TEM and XRD data, the coating can be described as nanocomposite composed of a dominant nanocrystalline Mo phase and a near-amorphous Mo-B-C phase.
The type C coating exhibited the hardness and the effective elastic modulus of 21.4 ± 0.9 GPa and 390 ± 9 GPa, respectively. Indentations with 1 N load were performed on the coating deposited on a cemented tungsten carbide substrate (WC-Co). As in case of previous coating types, no cracks on the surface of the coating were present. A lamella cut by the FIB from the area under the residual indentation imprint is shown in Figure 8 (the specific area where the lamella was cut is shown in the inset). The plastic deformation during the test was so severe that the depth of the residual imprint was approx. 2 times higher than the thickness of the coating. The cemented tungsten carbide substrate was significantly deformed and the coating complied. Despite this large deformation, the coating exhibited excellent adhesion and no delamination under the imprint. Furthermore, no cracks were detected in the bulk of the coating. The predominantly plastic deformation response even under such severe deformation without the presence of cracking in the coating proved excellent fracture resistance of type C coating.
All three designs of the Mo-B-C coatings exhibited high fracture resistance impossible to be met with current state-ofthe-art protective coatings. The presented Mo-B-C coatings exhibited a compressive stress of ∼1 GPa. The commercially prepared coatings exhibited similar levels of compressive stress of ∼0.5-2 GPa. Therefore, the enhancement of the fracture toughness of the Mo-B-C coatings was not due to higher levels of compressive stress inhibiting crack formation and propagation. Also, since the microstructure of the Mo-B-C coatings ranged from nearly amorphous through nanocomposite to prevalently crystalline, the observed high fracture resistance cannot be attributed to their particular microstructure. All of these coatings, however, contained various amounts of the near-amorphous Mo-B-C tissue phase. We suppose that there existed the advantageous shortrange ordering in the near-amorphous tissue phase which has a similar bond arrangement to that found in the crystalline Mo 2 BC phase where metallic bonds provide ductility and high fracture resistance [1] . Whereas this tissue phase ensures fracture resistance, the addition of a crystalline phase positively influences the mechanical properties of the resulting nanocomposite.
The ratio of the elastic work to the total indentation work measured for the load of 5 mN was similar for all presented designs of Mo-B-C coatings-48% for the type A and B coatings and 47% for the type C coating. Therefore, for low loads the deformation is elastoplastic and the observed plastic deformation behavior of the coatings is not the result of the substrate deformation. All the presented Mo-B-C coating designs exhibited the high hardness of ∼20-27 GPa and the effective elastic modulus of ∼350-420 GPa. Due to the predominantly amorphous nature of the type A coating, it exhibited the lowest hardness and the lowest effective elastic modulus of 20.5 ± 0.3 GPa and 350 ± 5 GPa, respectively. However, the hardness of >20 GPa still classified the type A coating as a hard coating. The deformation mechanism in the type A coating is due to its amorphous nature, similar to deformation mechanisms in metallic glasses and it is possible to describe it using the free volume model proposed in [19] .
The presence of a crystalline phase in the type B coating led to the hardness increase of ∼30% and the effective elastic modulus increase of ∼20% compared to the type A coating without reducing its high fracture resistance. The hardness and the effective elastic modulus of 26.5 ± 0.5 GPa and 420 ± 7 GPa, respectively, were achieved in the case of the type B coating. The increase of the hardness and the elastic modulus originated from the presence of larger Mo 2 BC crystalline grains and the physical effect of nanocomposite hardening [4] and the Hall-Petch effect [5, 6] . The dominating mechanisms that contribute to the plastic deformation in the type B coating are grain boundary sliding, grain rotation, and grain rearrangement in the Mo-B-C amorphous matrix.
The type C coating was designed to contain a higher amount of the inherently ductile crystalline metallic component. The increased amount of molybdenum led to the formation of high amounts of crystalline Mo phase. As pure Mo exhibits the hardness of only <10 GPa [11] , the hardness of type C coating was 21.4 ± 0.9 GPa, and the effective elastic modulus was 390 ± 9 GPa. In the type C coating, which contains nanocrystallites with the grain size of ∼6 nm, the plasticity is confined almost entirely to the grain boundaries with grain boundary migration and grain rotation/sliding as the primary mechanisms contributing to the plastic deformation, similarly to the case of superplastic materials. The shear stress at the interface is 2-3 times higher than the highest shear stress in a homogeneous material [20] . Thus, grain boundary ledges and grain boundary dislocations can initiate plastic deformation.
Conclusions
In summary, we presented different designs of Mo-B-C coatings. The deposited coatings exhibited different relative amounts of crystalline and amorphous phases. All of the presented coating designs exhibited significantly reduced cracking compared to standard protective coatings such as TiN, AlTiN, or TiB 2 while simultaneously preserving hardness > 20 GPa. The hardness was governed by the relative amount of the nanocrystalline and near-amorphous phases and the maximum value of ∼27 GPa was achieved for nanocomposite structure containing Mo 2 BC grains embedded in Mo-B-C tissue phase. No cracks in/around the area of residual imprints made by 1 N load were detected in the case of all the presented designs of the Mo-B-C coatings, whereas stateof-the-art monoblock protective coatings with similar thickness and comparable levels of compressive stress failed and exhibited severe cracking. Cracks in the bulk of the deposited Mo-B-C coatings were detected only if the substrate itself sheared. If the substrate was plastically deformed without shearing, the coating complied, and no cracks in the bulk of the coating were detected. Such coating material can pave the way to the next generation of protective coatings for the most demanding applications where deformation of the coated workpiece is involved.
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